Abstract. The intensity-hue-saturation (IHS) and Brovey transforms are two widespread image fusion methods in the remote sensing community. However, both are sensitive to the characteristics of the analyzed area. Restated, they often face color distortion problems with fused images. This work investigates models representing the color space in images. Schemes governing saturation change during fusion are also evaluated to derive the correct saturation values for each pixel in a fused image. In addition, algorithms that compensate distorted saturation values for distinct image fusion methods are derived and discussed. Methods to extend current image fusion methods to any arbitrary order are also outlined. Finally, an illustrative example of a fused SPOT image demonstrates the color distortion problem while an IKONOS image is adopted to evaluate various contemporary image fusion methods.
Introduction
With the development of new imaging sensors, a meaningful fusion method for all employed imaging sources becomes necessary. Image fusion is a novel means of combining the spectral information of a coarse-resolution image with the spatial resolution of a finer image. The resulting merged image is a product that synergistically combines the best features of each of its components. Previous literature describes various methods for merging the high-resolution panchromatic image with low-resolution multispectral images. [1] [2] [3] [4] [5] [6] Owing to their efficiency and implementation, the intensity-hue-saturation ͑IHS͒ image fusion [1] [2] [3] and Brovey transform 2, 7 are the two most popular fusion methods for remote sensing images. To reach image fusion goals, the IHS method uses three low-resolution multispectral images in distinct bands and transforms them into an IHS space. The intensity component of the IHS space is then replaced by the high-resolution panchromatic image and transformed back into the original RGB space with previous H and S components. Meanwhile, the Brovey transform is a simple fusion method that preserves the relative spectral contributions of each pixel, but replaces its overall brightness with the high-resolution panchromatic image. Although these two methods have been employed as standard procedures in many commercial packages, both are sensitive to the characteristics of the analyzed area, i.e., they suffer from spectral degradation or color distortion problems.
This investigation presents a relatively detailed study indicating that the color distortion problem arises from the change of the saturation during the fusion process. To effectively resolve this shortcoming, the influence of saturation on the IHS, Brovey, and other image fusion methods is derived and discussed. Meanwhile, an efficient saturation compensation scheme is presented that obtains a highresolution fused image without spectral degradation. How to extend order three image fusion methods to any arbitrary order is also discussed. Finally, experimental results for distinct image fusion methods are demonstrated. The saturation compensation scheme obviously performs significantly better than the existing method for the SPOT and IKONOS images.
New Look to IHS Image Fusion
Several different mathematical representations of the transformation can convert RGB tristimulus values into the parameters of human color perception and vice versa. 5 Beyond their computational speeds, these algorithms differ mainly in the choice of coordinate systems ͑cylindrical or spherical coordinates͒, the primary color used as the hue reference point, and the method used in calculating the intensity component of the transformations. A typical RGB-IHS conversion system is the following 
͑4͒
Directly implementing the IHS method in Eq. ͑4͒ requires numerous multiplication and addition operations, making it computationally inefficient. To develop a computationally efficient method without the coordinate transformation, Eq. ͑4͒ can be rewritten as 
Effect of Saturation in IHS Image Fusion
A feature of the IHS method ͑and also many other image fusion methods͒ is that the color of the image may be changed following fusion. This phenomenon is termed the color distortion problem herein. Numerous previous experiments also encountered this problem, indicating that the saturation of images fused by using Eq. ͑4͒ is higher or lower than the original value in the multispectral image. However, simply partitioning Eq. ͑4͒ as
reveals that both H and S defined by Eq. ͑3͒ are preserved during fusion. However, since all the R, G, and B of the fused image may be changed during fusion, the new saturation value cannot be obtained directly through the old values of 1 and 2. Therefore the saturation preserving property in Eq. ͑4͒ produces a distorted saturation value for the new ͑fused͒ image, a confused imperfection of the IHS method.
An alternative RGB-IHS conversion system rotates the RGB cube until the horizontal plane is parallel to the Maxwell triangle and the vertical axis lies on the gray line of the RGB cube. This conversion system can be represented by 8 Iϭ͑RϩGϩB͒/3 ͑7͒
The relation of Eqs. ͑1͒-͑3͒ and ͑7͒-͑9͒ was derived by Ledley. 9 These two RGB-IHS conversion systems differ mainly in their representations of the saturation. In Eqs. ͑1͒ through ͑3͒, pixels with identical (1 2 ϩ2 2 ) 1/2 have the same saturation value, which is independent of the intensity I. These points form a saturation barrel in the IHS space. In the conversion system in Eqs. ͑7͒-͑9͒, pixels with identical (1 2 ϩ2 2 ) 1/2 are located on the surface of a saturation cone with saturation values proportional to distinct intensities. To discover how the hue and saturation change during the image fusion process, ␦ in Eq. ͑5͒ can be substituted into Eqs. ͑8͒ and ͑9͒ and the notations defined before it can be adopted. Following image fusion, a in Eq. ͑8͒ can be recalculated as
indicates that the hue H for the fused image using Eqs. ͑7͒-͑9͒ is unchanged, i.e., the same as that for the original multispectral color image, when I is replaced by Pan. Therefore the hue H in images fused by Eq. ͑4͒ is always correct. In contrast, by Eq. ͑9͒
where X 0 denotes the minimal among R 0 , G 0 , and B 0 .
When substituting ␦ and corresponding notations into Eq.
͑11͒, the new value of the saturation becomes
Obviously, the saturation changes when Pan I. The difference between these two values is
͑13͒
Since X 0 is the smallest value among R 0 , G 0 , and B 0 , I-X 0 in Eq. ͑13͒ must be positive. Hence ⌬S is negative if ␦ is positive and vice versa. Consequently, ␦ is crucial in the color distortion problem. Since Pan rarely equals I, ␦ does not generally equal zero. At this point, the saturation of the fused image changes and the color distortion problem appears.
An Efficient Saturation Compensate Method
In the RGB-IHS conversion system presented in Eqs. ͑1͒-͑3͒, multiplying both 1 and 2 by factor k will scale the saturation by k while the hue remains unchanged. That is
The idea demonstrated in Eqs. ͑14͒ and ͑15͒ can be used to compensate for the distorted saturation value produced by Eqs. ͑4͒ or ͑5͒. This saturation compensation can be accomplished simply by shifting S 0 to SЈ or multiplying a factor (1ϩ⌬S/S 0 ) into Eq. ͑6͒. That is
where ͓R s ,G s ,B s ͔ T is the resulting saturation-compensated fused image. In Eq. ͑16͒, although the hue remains unchanged, the saturation S 0 is compensated to SЈ. This process obtains an image fusion with compensated saturation. Moreover, since 1ϩ⌬S/S 0 ϭI/Pan, Eq. ͑16͒ can be rewritten as follows,
where ␥ЈϭI/Panϭ1ϩ⌬S/S 0 and ␥ЉϭPanϪ␥Ј•I, respectively. Equation ͑17͒ requires only one scalar matrix multiplication and one matrix addition. Hence it is an efficient saturation-compensated image fusion process.
Brovey Transform and the Other Color-Space
Image Fusion
Effect of Saturation in Brovey Transform
This section presents a brief overview of the Brovey transform and its link with saturation compensation. The Brovey transform is a simple image fusion method that preserves the relative spectral contributions of each pixel, but replaces its overall brightness with the high-resolution panchromatic image. Brovey image fusion is defined as
where ␥ϭPan/Iϭ1/␥Ј. To evaluate the effect of saturation for this transform, Eqs. ͑1͒-͑3͒ can be substituted into Eq. ͑18͒ to obtain an IHS-like form as follows:
demonstrates that although the hue for the fused image using Brovey transform is unchanged, the saturation is changed to
However, substituting Eq. ͑18͒ into ͑8͒ and ͑9͒, respectively, reveals the interesting fact that both the new values of the hue and saturation equal the original values in IHS. That is
Therefore, the saturation compensation in this system can be directly shifted from SЉ to SЈ by multiplying a factor (␥ЈϪ␥) into Eq. ͑18͒. That is
In summary, the saturation relationship among the IHS ͓Eqs. ͑4͒ or ͑5͔͒, Brovey transform, and the compensation method developed herein ͓Eq. ͑17͔͒ are S 0 ϭ␥•SЈ ͑24͒
for the original IHS and saturation compensation method and SЉϭ␥ 2
•SЈ ͑25͒
for the Brovery transform and saturation compensation method. Consequently, the color distortion problem is most serious in the Brovey transform and lightly better in the IHS method. The saturation compensated method can completely solve the color distortion problem.
Saturation Compensation in the Other ColorSpace Image Fusion
The saturation compensation formulation described before can be extended to other color spaces, such as a YIQ color television system 10 and a pseudo Karhunen-Loeve ͑KL͒ color coordinate system. .
͑27͒
The hue and saturation here are defined differently to the IHS system in Eqs. ͑1͒ and ͑2͒. 
͑28͒
Architecturally, Eq. ͑28͒ also can be partitioned into two distinct spaces as 
͑30͒
The compensation factors used here are ␥ ЈϭY/Pan and ␥ ЉϭPanϪ␥ Ј•Y, respectively.
Pseudo Karhunen-Loeve Color Coordinate System
Generally, the color components in the RGB coordinate system are strongly correlated with each other. If the second-order statistics of the image are known, deriving an orthogonal color coordinate system by the KL transformation is possible. However, considering the difficulty of estimating the color covariance for each individual, a compromise is to estimate the covariance of a general image and find the KL transformation for that image. Such a pseudo KL transform, given in Ref. 11 , is illustrated as follows:
ͬ .
͑31͒
Its inverse transformation is then given by
͑32͒
Proceeding as before, a pseudo KL image fusion with compensated saturation can be derived as
where the compensation factors are ␥ ЈϭPC1/Pan and ␥ Љ ϭPanϪ␥ Ј•PC1, respectively.
Order Consideration
Most contemporary image fusion techniques, such as IHS and YIQ, focus on three-band multispectral images, and are considered order three because they employ a 3ϫ3 matrix as their transform kernel. The pseudo KL transform can be applied to remote sensing images with an arbitrary number of bands, so its order is arbitrary. The Brovey transform does not require a transform kernel and can handle an arbitrary number of bands, so its order is also arbitrary. Image fusion techniques with an arbitrary order are advantageous because they can easily handle higher order remote sensing images like the hyperspectral or multispectral images with more than three bands. A merit of the method proposed herein lies not only on its color compensation capability for fused images but also its ability to extend traditional three order transformations to arbitrary order. If we consider the fusion of remote sensing images only, the proposed method does not need to calculate the transformation kernel. Some examples are listed as follows. For arbitrary order IHS:
͑34͒
where M i denotes the resized hyperspectral or multispectral image of band i,
, and l represents the order or the number of bands. For Brover transform:
And for saturation compensation method developed herein,
␣ 2 ϭ/Pan and ␤ 2 ϭPanϪ␣ 2 •. ͑38͒
These parameters ␣ 1 , ␣ 2 , ␤ 1 , and ␤ 2 , can be viewed as spatially variable gain factors.
Experimental Results

Experiment 1
The most widely applied fusion procedure is the merging of a panchromatic SPOT image with three-color SPOT imagery or multispectral LANDSAT™ imagery. The first experiment presents an example of a fused SPOT image to highlight the color distortion problem. The test images used herein include 10-m resolution panchromatic and 20-m color images of a rural area of Taichung, Taiwan, collected on 4 March 1994 by SPOT satellite. The size of the test image is 512ϫ512 pixels for the panchromatic image and is displayed in Fig. 1 . Figure 2͑a͒ presents the resized threecolor imagery of the dotted area in Fig. 1 while Figs. 2͑b͒-2͑d͒ illustrate the fusion results by Brovey transform, IHS, and our IHS with saturation compensation ͑IHS-SC͒ method, respectively. Comparing spatial effect reveals that the results of the three methods share the same details. River, houses, streets, and so on are evident in the fused images using all three methods. Compared to the original color image, the color of the fused image is clearly distorted for the two former methods ͑with reds darkening͒, and only the IHS-SC image provides the correct color effect. The red areas in the IHS-SC image have almost the same color and brightness as those in the original threecolor SPOT imagery. Meanwhile, the color of the residential areas is also almost identical in Figs. 2͑b͒ and 2͑d͒ . At present, no quantitative methods have been found in current literature to evaluate the performance of various image fusion techniques. Most of the evaluation is based on visual examination. In this work we use the correlation coefficients between the original resized three-color imagery and the merged three-color image as an index for the correctness of spectral quality. For spatial quality evaluation, we have calculated the correlation coefficients between the panchromatic image and the intensity image of the merged image as another index. Correlation coefficients for all three image fusion methods are depicted in Tables 1 and 2 . These metrics verify our previous discussion that the IHS, Brovey transform, and IHS-SC can preserve almost all of the spatial information that Pan has in the fused image, but must face a color distortion problem, which is the worst resulted by the Brovey transform.
Experiment 2
For local environmental applications, both the spectral resolution and good spatial resolution are necessary. The second experiment conducted in this section is based on the new IKONOS image and designed specifically to make various comparisons among several variations of IHS image fusion. Eight image fusion methods compared in this experiment include Brovey transform ͑BT͒, principal components analysis ͑PCA͒ image fusion, IHS, YIQ, pseudo KL ͑PKL͒, IHS with saturation compensation ͑IHS-SC͒, YIQ with saturation compensation ͑YIQ-SC͒ and pseudo KL with saturation compensation ͑PKL-SC͒. Reasons for selecting these methods for comparison are as follows:
1. comparing IHS-SC against BT, PCA, and IHS demonstrates the color distortion problem, 2. comparing IHS against YIQ and PKL demonstrates the equality among these three methods, and 3. comparing IHS-SC against YIQ-SC and PKL-SC demonstrates that the saturation compensation method developed herein, when giving distinct parameters, can be applied to any contemporary image fusion methods.
The test images, a 1-m resolution panchromatic and 4-m color image of Beijing, China, were collected on 22 October 1999 by Space Imaging's IKONOS satellite. illustrate the fusion results by image fusion methods ͓Figs. 4͑a͒-4͑h͔͒ listed previously. The color distortion mainly involves green and red. Also, only the saturation compensation method͑s͒ can provide the correct color effects in the fused image͑s͒.
Conclusion
This work presents a novel image fusion process that incorporates saturation compensation. The mathematical and experimental results for the test images agree closely. Further experiments using SPOT and IKONOS data reach similar conclusions. Consequently, the effect of saturation is extremely sensitive to the characteristics of the analyzed area and generally presents difficulties in image fusion works. The method proposed herein not only solves this problem but also gives the ability to extend present image fusion methods to arbitrary order.
